Several high value exotic tropical timber trees have been screened in irrigated species selection experiments, on both predominant soil types (the Cununurra clay and Cockatoo sand), as potential plantation species for the Ord River Irrigation Area (ORIA), northem Western Australia, over the past ten years.
Potential for irrigated tropical forestry in northern Western Australia.
Introduction
The potential for irrigated tropical forestry in northern Westem Australia has been made possible by an immense (980-1050 km 2 ) man-made body of water, Lake Argyle, situated 50 km south of Kununurra (lat. 15°46' S. long. 128°44' E.). Water, mostly gravity fed, flood irrigates 13,000 hectares of agricultural land known as the Ord River Irrigation Area (ORIA). Recent feasibility studies for the expansion of the irrigated area to 70,000 hectares, with one third situated within the neighbouring Northern Territory, indicate potential for significant forestry development in the region.
The soils of the ORIA have been described in detail by Riley et al. ( 1993) . The most suitable for flood irrigated plantations are the cracking clay soils of the Cununurra series, the area of which is fringed by the deep, freely drained light textured Cockatoo sands. There is an extensive area of these lighter soils which remain relatively under-utilised by the horticultural industry due to their low water holding capacity, low fertility and the potential for damage from the giant termite (Mastotermes darwiniensis Frogg). Arboretum trials on the Cockatoo sands in the 1970s have shown that some commerAllan Gold, The Lost Testament.
cial tree species, including Tectona grandis L. f. (teak) and Pterocarpus indicus Willd. (narra, kayu merah), grow successfully on these sites.
The highly valued Santalum album L. (Indian sandalwood) has shown potential as a plantation species on the Cununurra clay (McKinnell1990; Havel and McKinnelll993; Radomiljac and Borough 1995) . Due to its high heartwood santalol oil content, diverse utilisation and inherent religious significance, Indian sandalwood is the most important species from the widely distributed and economically important Santalum genus. It has been the 'comer-stone' of the global sandalwood industry for 20 -30 centuries (Srinivasan et al. 1992 ). An innovative silvicultural research program has developed an intensive silvicultural system for S. album. It is perhaps one of the world's most complex plantation systems, as it involves a flood irrigated plantation system for a xylem-tapping obligate root hemi-parasite in a semi-arid sub-tropical environment.
Western Australia has maintained an entirely export orientated sandalwood industry for the past 150 years, based on the native S. spicatum (R. Br.) DC. AS. album plantation resource may ultimately supplement the S. spicatum greenwood harvest from natural stands (KeaHey 1991).
World sources of sandalwood are declining rapidly (Srinivasan et al. 1992; Harisetijono and Suriamihardja 1991; Radomiljac and Borough 1995) and most sources will be exhausted over the next decade (Figure l) (Havel and McKinnell 1993) . Current world annual sandalwood heartwood production estimates are around 5100 tonnes (Table  1 ) . Assuming a heartwood yield of 20 tonnes hectare·' with a rotation length of 25 years, a plantation resource of around 6400 hectares is suggested to meet current global sandalwood consumption. That is, an annual planting program of 255 hectares.
The sandalwood plantation system A bio-diverse farm forestry system appears possible due to S. album's parasitic silvicultural requirement for a series of host species. That is, a range of species are required to perform as hosts at various stages in the plantation rotation.
Initially, S. album is propagated from seed in nursery containers. Although it can grow photo-autotrophically for several months, vigour and growth decline without attachment to a host (Figures 2 and 3 ). Two to three months followingS. album germination, cuttings of a herbaceous pot host, Alternanthera spp. Forsskal., are planted into each S. album seedling container. The parasite : host combination continues for up 18 months following plantation establishment. The simultaneous establishment of other host species, termed intermediate and long term hosts, is essential. These additional hosts are strategically placed within the plantation. The long term host, which must persist as final host for the entire rotation length (25-30 years), is planted several metres from the S. album andAltemanthera spp. combination. This is to avoid obstruction of the growth of the S. album as both S. album and long term host have large crowns. An intermediate host is therefore required to bridge the pot host and the long term hosts -a period of 2 -5 years. We have found that the ideal intermediate hosts are fast-growing, short-lived leguminous trees. Once parasitism is initiated S. album remains highly heterotrophic and this sequence of hosts is required to maintain high plantation productivity. 
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Rather than considering S. album's parasitic requirements an impediment to plantation development, a potentially highly valuable and biodiverse farm forestry system may arise as a result of S. album's enigmatic heterotrophic existence. Thus, CALM has conducted research on the suitability oflong term host species based on several principles (i) host : parasite compatibility, (ii) bio-climatic matching, (iii) suitability for flood irrigation and the soil conditions, (iv) market familiarity and (v) declining global supply and strong market demand. Many tropical forests are over exploited and are exposed to adverse land uses which have resulted in the declining supply of high valued tropical timbers whilst market demand remains strong (Evans 1986 ).
Long term host species that produce a valuable timber may offer the potential for two or more timber products from one plantation system. Successful long term host species introductions to date include the CITES-listed Swietenia macrophylla King (Brazilian mahogany), S. mahogani Jacq., (Cuban mahogany) and Dalbergia melanoxylon Guill. and Perr. (East African Ebony).
Wood quality issues
The commercial value of sandalwood depends entirely on the santalol oil content of the heartwood and the quantity of heartwood per tree. In relatively short rotations it is important to maximise heartwood production and ensure that oil content is high. It appears there is considerable variation between tree age at which heartwood formation is initiated. From 30 trees sampled in West Ttmor, Indonesia, the apparent age of heartwood initiation varied from 14 to 46 years, and two of the trees contained no heartwood (Haffner 1993) . In contrast, Rai (1990) states that in India the same species usually commences heartwood formation at 10 -13 years of age. At present, ORIA plantings are using seed originally sourced from India. From limited sampling carried out in trial plantations most trees have initiated heartwood formation by the age of 10 years. The rotation length of ORIA S. album plantations remains unclear, perhaps 20-30 years. However, there needs to be a compromise between avoiding high compound interest costs and producing a log with good wood quality suitable for oil distillation.
However, it is not necessary to fell all trees in a plantation at a young age. Retaining some trees would be attractive for the production of large logs for the wood carving and furniture industry, for which premium prices are paid.
Plantation policy and environmental implications
All indications, from early growth studies, are that sandalwood plantations grown with appropriate host combinations and following a specific silvicultural regime may be a profitable crop. The Department of Conservation and Land Management (CALM)
tage of the infrastructure development already there, and contributing both economic and environmental benefits.
Coupled with commercial benefits, aS. albwn farm forestry system also may offer a cost effective method to control the early onset of rising water tables within the ORIA. Most irrigated agricultural systems inevitably lead to rising ground water table Shoot dry weight (g) Figure 3 . Performance of Santalum album (i) mean survival, (ii) mean shoot dry weight and (iii) mean diameter at I Ocm with the (•) presence or (o) absence of Alternanthera spp. pot host after establishment on a flood irrigated Cununurra clay site, Ord River Irrigation Area, north Western Australia. All treatments are significantly different using Tukey's pairwise t-test (p ~ 0.05), except for survival data at 60 and 115 days after field establishment. Survival and diameter data are from 5 replicates and shoot dry weight data are from 3 replicates. Bars show standard errors.
does not intend to establish a large state-owned S. album plantation resource. Rather, it looks to the private sector, both established and new farmers within the ORIA, and investment companies, to carry out the bulk of the planting to establish a viable industry in the region. There is already strong interest from existing farmers and from investors in plantation development.
The sandalwood plantation enterprise will complement the existing successful horticultural industry in the ORIA, taking advanlevels. Even though at present the ORIA sub-soil and ground water salt levels are comparatively low, waterlogging poses a significant long term risk to agricultural productivity. The Cununurra clay constitutes a large proportion of the intensively cropped land, and when saturated it becomes anaerobic and vehicle accessibility is greatly reduced. The extensive use of commercial tree plantations, planned on a landscape scale and integrated with agricultural activities, holds out considerable potential for a sustainable land management system for the region.
Species selection trial on Cockatoo Sand
Initial reforestation experiments using S. album and its potential hosts were performed on both the Cununurra clays and the light textured soils. Due to high seedling mortality caused by M. darwiniensis damage, S. album failed on the Cockatoo sand sites (McComb unpublished data). This resulted in the emphasis on S. album silvicultural research shifting to the clays, on which sophisticated silviculture has been developed for S. album and its hosts. The development of sugar cane crops has raised the value of flood irrigated agricultural land at the time when agricultural crops (e.g. peanuts) on the Cockatoo sands have declined, hence attempts to identify suitable high value tropical timber species for these soils has recommenced. In this paper we report preliminary results, up to age seven months, from a trickle irrigated species selection experiment with exotic high value timbers on a Cockatoo sand site. Early seedling survival in the presence of M. darwiniensis is being tested concurrently with growth performance. Eight species: T. grandis, P. angolensis DC. (muninga), P. macrocarpus Kurz. (Burma padauk), P. marsupium Roxb., P. indicus, S. mahogani, Khaya anthotheca Welw. C. DC., W. and K. senegalensis (Desr) A. Juss, (both African mahogany); propagated in 1.4litre pots, were planted in a fully randomised complete block design in July 1996. Each plot consisted of 25 trees (5 x 5) planted at 3m x 3m, replicated four times.
The site was irrigated for 24 hours prior to planting by a single line of drip irrigation T-Tape, TSX 515 buried to a depth of 5 em and located 30 em from the rip line. Following establishment the experiment was irrigated at the rate of I 0 -15 ml per day. On 2nd and 3rd December 1996 a line of drip irrigation T-Tape, TSX 525 was installed, 60 em from the planted row, on the opposite side of the planted row to the initial line of T-Tape,. From I Oth December 1996 to II th January 1997 the experiment was irrigated very infrequently and from 12th January to 5th March 1997 was not irrigated due to wet season rains (Figure 4) . Thereafter the experiment was irrigated at the rate of 7.2-9 ml per day. Natural vegetation was low open woodland with the climate dominated by a very long dry period, from March to November (Figure 4) . Hence a non-irrigation treatment was not tested as field establishment occurs during the dry season (July), when soil moisture levels are very low.
The experiment received an application of soluble Lorsban™ (active ingredient chlorpyrifos 500 g/kg) at 6L/ha for M. darwiniensis control. Seven months following field establishment all seedlings were measured for survival, height and diameter growth at lO em above the ground.
Survival in all species was high (93 -I 00%) except for S. mahogani (70%) which was significantly lower (p ~ 0.05) than all other species ( Figure 5iii ). P. macrocarpus height was significantly greater than all other species followed by T. grandis, K. senega/ens is and P. angolensis (Figure 5ii) . K. senegalensis, P. macrocarpus and T. grandis diameter was significantly greater than the other species (Figure 5i ).
This study suggests several commercial tropical timbers can be successfully established on a Cockatoo sand site within the ORIA, in particular T. grandis and a number of Pterocarpus species. However, suitable sawlog growth and the quality of timber production remains untested, except for a recent study by Brennan and Radomiljac (1998) on T. grandis and K. senegalensis.
A monospecific silvicultural system is far less complicated than the S. album multispecies plantation system developed for the flood irrigated Cununurra clay soils, described earlier. However significant risk to plantations on the lighter textured soils is posed by the potential for infestation by M. darwiniensis and therefore screening for species with low susceptibility to M. darwiniensis is important on these soils. a g 50 (i) ... In this study S. mahogani mortality was caused entirely by M. darwiniensis damage despite chlorpyrifos applications. Mature T. grandis has been reported as resistant to M. darwiniensis attack due to the presence of the phenolic heartwood compounds anthroquinone and tectoquinone (Tewari 1992 ). However, T. grandis and other plantation species seedlings were reported to be susceptible to damage in the Northem Territory (Cameron 1985) .
Although the data are only preliminary they are sufficiently encouraging to continue species introduction and silvicultural studies on the promising plantation species. Further species selection research is planned to identify a wider group of species with high value timber that may be able to contribute to an extensive development of tropical timber plantations. Tectona, Khaya and Pterocarpus displayed encouraging growth in experiments in the Northern Territory and it was considered possible that some of the more valuable tropical cabinet timbers could be managed on selected sites (Cameron 1985) .
Conclusion
While a relatively small production level of sandalwood would make a viable industry, much larger quantities of other species would be required to establish a commercially viable tropical hardwood timber industry. For this reason, the potential for afforestation of the ORIA Cockatoo sands, which are currently under-utilised, is particularly encouraging. Apart from making an economic contribution to the ORIA farm forestry would be an essential component of a sustainable land management system that uses intensive tree plantations to control ground water levels and also provide windbreaks, shelter and other amenity benefits.
